It is often observed that married women have a later age of natural menopause (ANM) than unmarried women; however, the reason for this association is unknown. We test an original hypothesis that sexual frequency acts as a bio-behavioural mediator between marital status and ANM. We hypothesize that there is a trade-off between continued ovulation and menopause based on the woman's chances of becoming pregnant. If a woman is sexually inactive, then pregnancy is impossible, and continued investment in ovulation would not be adaptive. In addition, we test an existing hypothesis that the observed relationship is because of the exposure to male pheromones. Data from 2936 women were drawn from 11 waves of the Study of Women's Health Across the Nation, which is a longitudinal study conducted in the United States. Using time-varying Cox regression, we found no evidence for the pheromone hypothesis. However, we did observe that women who reported to have sex weekly during the study period were 28% less likely to experience menopause than women who had sex less than monthly. This is an indication that ANM may be somewhat facultative in response to the likelihood of pregnancy.
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Background
There is a great deal of cross-cultural variation in age of natural menopause (ANM) [1] ; and while it is largely governed by genetic factors [2] , it is estimated that up to half of the population variance in menopause timing is the result of non-genetic influences [3] . The number of follicles a woman has is established in utero at around five months gestation, and is therefore finite at approximately seven million [4] . By the time a woman reaches puberty, this number has already declined to approximately 400 000 [5] , with menopause occurring once the ovarian reserve has dropped to below 1000 [6] . While integrally a biological process, a number of behavioural and lifestyle factors have been found to associate with ANM, including smoking habits [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and educational attainment (which is used as an indicator of socioeconomic status) [9] [10] [11] .
One puzzling association reported in epidemiological literature is the relationship between marital status and menopause timing, in which married women attain menopause later than never married or divorced women [7, 8, 12, 14, [21] [22] [23] , but there is little understanding of the pathway connecting the two. One existing hypothesis postulates that the relationship between ANM and marital status is the result of male-female cohabitation [7] . This is based on the idea that increased exposure to male pheromones (as a result of being married, and therefore cohabiting) may increase the likelihood of having a regular menstrual cycle [24], with regular menstrual cycles having been observed to delay the menopause [25] . As an alternative, we propose an adaptive explanation based on an energetic trade-off. As married people typically have sex more often than those who are uncoupled [26, 27] , we suggest that the observed relationship between marital status and ANM may be capturing the effect of sexual frequency during the pre-and peri-menopause on menopause timing. Ovulation can be seen as a costly process, both in terms of energetics and owing to its impairing effect on the immune system [28, 29] . As a result, should a woman be having little or infrequent sex when approaching midlife, then the body will not be receiving the physical cues of a possible pregnancy, and it may therefore not be adaptive to invest resources into continued ovulation. Rather, it would be better from a fitness-maximizing perspective for the woman to cease fertility and invest energy into any existing kin she has [30] [31] [32] . Conversely, if the woman is still engaging in sex regularly, then it may be adaptive for her to continue ovulating for slightly longer, allowing her to increase her direct fitness.
Aims and hypotheses
Currently, there is no clear reason why married women experience a later menopause, and we propose a functional reason for this relationship. Here, we test the two following hypotheses:
(i) H1: increased sexual frequency lowers the risk of entering menopause; and (ii) H2: exposure to male pheromones delays menopause.
We acknowledge that this study is largely correlative, but nonetheless, if positive results are found in favour of H1, then we would suggest that menopause timing could be facultative and that the withinand between-population differences in ANM are somewhat adaptive.
Material and methods

Study sample
Data from 2936 women were drawn from the Study of Women's Health Across the Nation (SWAN), which is an on-going community-based, multi-site, longitudinal cohort study currently being carried out in the United States of America, specifically designed to collect data on the biological and psychosocial changes that occur alongside the menopause. Despite being a community-based sample, SWAN is thought to be the largest, most diverse and most representative study currently available to research aspects of the menopausal transition [33] . Criteria to be part of the baseline cohort (recruited in 1996/1997) included being aged between 42 and 52, having an intact uterus, at least one ovary, not being pregnant, having experienced a menstrual cycle within the past three months, and self-identifying as one of the five prespecified racial/ethnic groups (African-American, Chinese or Chinese American, Japanese or Japanese American, non-Hispanic Caucasian or Caucasian) [34] . The current analysis uses data from the baseline interview and 10 follow-up visits (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , which are publicly available online [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
Variables
Age of menopause
Menopause timing was the primary variable of interest within the study. Biomedically, a woman is defined as having experienced menopause once she has experienced 12 months of amenorrhoea in the royalsocietypublishing.org/journal/rsos R. Soc. open sci. 7: 191020 absence of external influence over menstruation (e.g. breastfeeding, hormonal contraceptives) [47] . SWAN provides an existing derived variable that conforms to this definition, and this was used to code women as having experienced menopause, not entered menopause (e.g. still menstruating, perimenopausal), or ceased menstruation for another reason (e.g. hysterectomy).
Sexual frequency
To test the first hypothesis, we looked at ANM in relation to sexual frequency. A time-varying 'sex index' was derived from the woman's responses to questions about her sex habits, which included:
(i) 'during the past 6 months, have you engaged in sexual activities with a partner?' (yes; no); (ii) 'during the past 6 months, how often, on average, have you engaged in each of the following activities: sexual touching or caressing; oral sex; sexual intercourse?' (not at all; once or twice a month; about once a week; more than once a week; daily); and (iii) 'on average, in the last 6 months, how often have you engaged in masturbation (self-stimulation)?' (not at all; less than once a month; once or twice a month; about once a week; more than once a week; daily).
For each woman, the maximum amount of sexual activity from any of the aforementioned questions was taken as being her sexual frequency. For example, if a woman reported having intercourse 'once or twice a month', but oral sex 'daily', 'daily' was recorded as her sex index. Sexual activity other than intercourse was used to create the sex index as the hypothesis is predicting that cues from sex will result in a trade-off, and the underlying mechanism of sexual touching, oral sex and masturbation could all signal possible pregnancy to the body. Owing to the small amount of responses in some of the categories they were aggregated into three new categories, with 'less than monthly' comprising of women who reported to not have had any sex in the past six months, as well as those who responded 'not at all' or 'less than once a month' within the sexual activities questions. 'Monthly' sex was used to code women who have engaged in any form of sexual activity 'once or twice a month'; and 'weekly' if a women reports engaging in any form of sexual activity 'about once a week', 'more than once a week' or 'daily'.
Male pheromones
As there is no direct measure of male pheromone exposure, we use male household presence as a proxy of male pheromones. Three variables were derived from SWANs questions regarding household composition. Firstly, a binary variable was created based on whether the respondent reported living with a romantic male partner, such as a husband, boyfriend, fiancé or similar. A second binary variable was made which then coded whether the woman lived with any male (e.g. husband, son, male friend), and this was also included as a continuous variable that counted the number of males living in the house.
Covariates
Marital status was included as a covariate when looking at the relationship between sexual frequency and ANM, based on previous literature isolating it as being associated with menopause timing. It was not included when testing the pheromone hypothesis owing to the high degree of collinearity with male household presence. To create this variable, women's responses to questions regarding their relationship status and living arrangements were used, with women subsequently being coded as 'divorced, separated or single', 'married or in a relationship', or 'widowed'. Additional variables were selected based on existing research looking at what influences ANM. Timevarying covariates included the woman's smoking habits (never smoked; ever smoked) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and body mass index (BMI) [10, 11, 14, 16, 17, [19] [20] [21] 48, 49] . Race (self-identified as black or African American; Chinese; Japanese; non-Hispanic Caucasian; Hispanic) [12-14,18,50], educational attainment (less than high school education; high school education; some college/technical school; college degree; post-graduate education) [9] [10] [11] [12] 14, [18] [19] [20] [21] [22] 48] , parity [7, [9] [10] [11] [12] 14, 15, [18] [19] [20] [21] [22] 48, 51, 52] and age of menarche [9, 10, 17, 19, 20, 51, 53] were also included as time-invariant covariates. Serum oestradiol levels and a measure of self-perceived overall health were also included as time-varying covariates to adjust for the health and hormonal changes that occur throughout the menopausal transition, which can also affect a woman's likelihood and desire to engage in sex [54] . Furthermore, oestradiol plays a role in the mechanism of releasing eggs and also has a bidirectional role relationship with sexual frequency, as oestradiol levels have also been found to influence the sex drive, and sexual interactions themselves can increase oestradiol levels [ 
Analyses
Time-varying Cox proportional hazards modelling was used to conduct an event history analysis, which is a powerful method of regression modelling that allows the isolation of precise effects over the risk of an event (i.e. the menopause) happening [57] . Unlike standard regression models, it is able to deal with time-series and censored data and produces a hazard ratio (HR), which is a measure of the risk of the event happening. The age of the participant was used as the time-scale in the models, rather than time since first interview [58] . Analyses were carried out in R (version 3.5.3) [59] using the packages survival [60] , and survminer [61].
Model selection
A base candidate model was created which included all the aforementioned covariates (oestradiol, education, BMI, race, smoking habits, parity, age of menarche, overall health, age at first interview), with the variables of interest being subsequently added to the models (see below, models b-g). We use the Akaike information criterion (AIC) to compare model fit, in which the model with the lowest AIC value best fits the data. The models were then weighted based on how much their AIC value increased compared to the best fitting model, with a decrease in AIC value of two or greater implying a better model fit [62] . Sexual frequency and marital status are not included in models with household composition owing to the high degree of collinearity. Similarly, the pheromone variables are all used in separate models as each of them capture similar information about household composition. The following candidate models were compared to test H1: a, base; b, base + marital status; c, base + sexual frequency; d, base + sexual frequency + marital status; and the models listed below compared to test H2: a, base; e, base + whether the woman lives with a male partner; f, base + whether the woman lives with a male; g, base + total number of males living in household.
Results
Descriptive statistics
Mean age at first interview was 45.88 (standard deviation (s.d.): 2.70). Owing to the requirements to be part of SWAN, no one had yet entered the menopause, but 46% were in early peri-menopause, and 54% were pre-menopausal. Across the 10 years of follow-up interviews used within this study, 1324 (45%) of the 2936 women experienced a natural menopause at an average age of 52 (s.d.: 2.59).
At the entry to the study, most women were either married or in a relationship (78%), and 68% of women lived with their partner. The most frequent pattern of sexual activity was weekly (64%), and there was a wide range of oestradiol readings, with an average level of 55.05 pg/mL (interquartile range (IQR): 33-89). Non-Hispanic Caucasian women were most represented within the sample as 48% of women identified as being such, in addition to the majority of women being educated to above a high school level (some college/technical school: 32%, college degree: 20%, post-graduate education: 23%). The median BMI was 27 (IQR: 23-32), with 59% being overweight or obese, and most women reported to having never smoked regularly (57%). Women on average had two children (s.d.: 1.42) and experienced menarche at the age of 13 (s.d.: 1.67). We present full descriptive statistics of the baseline cohort in the electronic supplementary material, table S1. The observation that married women enter menopause later was not replicated in this study, as unadjusted models indicted that marital status had no impact on the risk of entering menopause (married/in a relationship HR: 0.95, 95% CI: 0.84-1.08; widowed HR: 1.13, 95% CI: 0.83-1.54). Following full adjustment in model d the relationship between sexual frequency and ANM was maintained (sex monthly HR: 0.81, 95% CI: 0.69-0.95; sex weekly HR: 0.72, 95% CI: 0.62-0.83); however, there is now a suggestion that married women have an increased risk of entering menopause (HR: 1.19, 95% CI: 1.02-1.38) (electronic supplementary material, table S3).
Hypothesis 2: exposure to male pheromones delays age of natural menopause
To test whether exposure to male pheromones delay ANM, we looked at male-female cohabitation as a proxy. In line with the previous relationship found between marital status and ANM, prior to adjustment, living with a male partner was not associated with ANM (HR: 0.95, 95% CI: 0.85-1.06), with similar results being found following adjustment in model e (HR: 1.03, 95% CI: 0.91-1.16). Furthermore, simply having a male in the household also appears to have no relationship with ANM, regardless of whether this was modelled as looking at whether a male was present in the household or not (model f HR: 1.10, 95% CI: 0.95-1.27), or if it looked at the number of males in the household (model g HR: 1.03, 95% CI: 0.97-1.09) (electronic supplementary material, tables S2 and S3).
Model selection
We present model selection results in table 1. In support of previous results suggesting that male pheromones have no influence over ANM, when comparing models a, e, f and g, the base model a which included none of the household composition variables was found to best fit the data.
When comparing all models a-g and just the models testing the sexual frequency hypothesis a-d, models c and d were found to best fit the data, both of which include sexual frequency, adding further support to the notion that ANM is associated with sexual frequency. Results from the best model d, are presented in figure 2 , where it can be seen that sexual frequency has a near-linear relationship with ANM, with increased sexual frequency lowering the risk of entering menopause, even when controlling for marital status, oestradiol levels, overall health and other aforementioned covariates.
Discussion
While women often stop reproducing many years prior to the menopause [63] , the permanent reproductive cessation resulting from the menopause means a woman is no longer physically able to increase her direct fitness. Many lifestyle factors have been found to associate with ANM, and these are seldom discussed from an evolutionary perspective. Here, we have focused specifically on the relationship between marital status and ANM, testing an original hypothesis that sexual frequency acts as a bio-behavioural mediator between ANM and marital status, in addition to the existing hypothesis that married women enter menopause later owing to male pheromones [7] . To test the latter hypothesis, three measures of male-female cohabitation were used as a proxy of exposure to male pheromones, and we found no evidence to suggest that menopause timing was responsive to living with a male, and therefore possibly male pheromones. It should be noted that this hypothesis could be fundamentally flawed, as there is no conclusive evidence either that humans produce pheromones, or that they are capable of detecting them [64] . Nonetheless, this is, to our knowledge, the first study addressing the pheromonal hypothesis since it was originally proposed, and while male household presence is merely a proxy of pheromones-and it may be that the hypothesis is moot owing to the absence of evidence for human pheromones-it is an indication that the relationship between marital status and ANM is not capturing the effect of male pheromones on the menstrual cycle. This study did not replicate findings from previous research that married women enter menopause later. In fact, following complete adjustment, the converse was found, with women who were married or in a relationship having an increased risk of entering menopause compared to divorced, separated and single women. Conflicting results regarding marital status' effect on ANM have been found elsewhere (e.g. [65] ), and one reason for this may be the way in which the researcher chooses to code the variable. In this analysis, romantic partnerships that may not have been acknowledged in previous studies owing to having not been formalized by a marriage ceremony (e.g. cohabiting but unmarried) were taken into account. In addition, some prior studies have not included marital status as timevariant and dichotomized the variable as 'ever married' or 'never married' (e.g. [66] ). Hence, the responsive way in which this study coded marital status may account for the difference in results.
Another reason for this difference may be the cultural setting of previous studies. For example, research originating from Iran found that ever married women experience a later menopause than those who never married [8] . However, in the case of Iran where dowry is still common practice, it means marriage is contingent upon family wealth [67] . Therefore, the effect of marital status on ANM would be confounded by a woman's socioeconomic position, which itself would relate to other aspects of her health and life history that have been associated with menopause timing-such as BMI and age of menarche-therefore resulting in a significant difference in ANM between those who have and have not been married. Within Iran, sex outside of marriage is prohibited both legally and socially, meaning marital status would be highly correlated with sexual behaviour [68] . Hence, it may be that previous studies identifying married women enter menopause later are simply capturing the effect of health and lifestyle patterns that themselves associate with both marital status and menopause timing, rather than demonstrating that marital status itself is a cross-cultural correlate of ANM. Future research should aim to address the cultural setting in which the data were collected when interpreting the results. Evidence supporting the notion that ANM associated with sexual frequency during the pre-and perimenopause was found. Even following complete adjustment, results still indicated that women who engage in sexual activity weekly or monthly have a lower risk of entering menopause relative to those who report having some form of sex less than monthly. If we interpret these results from a fitnessmaximizing framework, it may be the physical cues of sex signal to the body that there is a possibility of becoming pregnant, and therefore an adaptive trade-off may occur between continued energetic investment in ovulation and reproductive cessation. During ovulation, the woman's immune function is impaired making the body more susceptible to disease [28, 29] . Hence, if a pregnancy is unlikely owing to a lack of sexual activity, then it would not be beneficial to allocate energy to a costly process, especially if there is the option to invest resources into existing kin [30, 31] . The idea that women cease fertility in order to invest in kin is known as the Grandmother Hypothesis, which predicts that the menopause originally evolved in humans to reduce reproductive conflict between different generations of females, and allow women to increase their inclusive fitness through investing in their grandchildren [30, 69, 70] . It may be costly for a woman to cease ovulatory function if the chances of her becoming pregnant are still high. In other words, if she is still able to increase her direct fitness, then it may be better to maintain the function of her menstrual cycle for slightly longer.
It should be noted that there may be a bidirectional relationship between the physical condition of the woman when approaching the menopause and sexual engagement. As oestrogen levels decline, women are more likely to experience vaginal dryness and discomfort, making them less inclined to engage in sex [71] . This study has attempted to control for this factor through adjusting for both oestradiol levels and the woman's self-perceived overall health, with the association between sexual frequency and ANM still persisting following this adjustment. This suggests that-even when controlling for the complicated relationship between health, hormonal fluctuations and desire for sex-the menopause may be somewhat facultative in response to sexual behaviour, rather than being solely the result of a physiological constraint (e.g. degrading oocyte quality).
Conclusion
This paper demonstrates that sexual frequency is associated with ANM and is also, to our knowledge, the first formal test of the hypothesis that male pheromones have an influence over ANM. While only a proxy of male pheromones was used, no association between male cohabitation and menopause timing was found, indicating that male-female cohabitation is not the driving force behind the relationship between marital status and menopause timing and that pheromones probably do not influence ANM. We did not replicate the findings from previous research showing that simply being married is associated with a later ANM, most likely owing to the variable cultural and temporal settings of previous studies. However, we did demonstrate that increased sexual frequency during the pre-and peri-menopause decreased the risk of experiencing menopause. While causation cannot be conclusively inferred, we hypothesize that this relationship is the result of an adaptive trade-off relative to the likelihood of pregnancy when approaching the menopause. Of course, the menopause is an inevitability for women, and there is no behavioural intervention that will prevent reproductive cessation; nonetheless, these results are an initial indication that menopause timing may be adaptive in response to sexual behaviour.
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